INTRODUCTION
Micronutrient deficiencies are still very common in young children. For example worldwide, an estimated 250 million preschool children are affected by vitamin A deficiency [1] , and almost 300 million by anemia [2] , whereas 285 million school-aged children have insufficient iodine intake [3] . Even if not suffering from acute undernutrition resulting from the lack of energy and proteins, children's optimal growth and development may be impaired through suboptimal supply of micronutrients; this hidden hunger has important public health implications, and is often still not recognized. Micronutrient density is generally highest in vegetables followed by animal-based foods and fruits, but low in cereals, which are energy dense. Therefore, normal diets of the most disadvantaged population groups in developing countries, based mainly on staple foods such as rice, wheat, beans, or cassava, will only cover 0-60% of the estimated average requirements (EARs) of most vitamins and poorly absorbable minerals. Dietary diversification by the addition of fruits and milk to this poor quality diet can increase this cover to about 80% of the EAR, and could increase iron bioavailability through vitamin C. This, along with education, is an achievable goal in the long term, but in the short term, micronutrient fortification of cereal foods is an important strategy for alleviating the burden of hidden hunger. However, health outcomes linked to micronutrient supply have shown variable effects; this is also related not only to the heterogeneity of populations studied, but also to the coexistence of other confounding demand drivers linked to hygiene and settings.
Given the gaps in the evidence, this review focuses on current physiological evidence on the effect of micronutrient interventions (without considering iron) on functional outcomes with regard to growth, performance (motor and cognitive), and morbidity in children. It does not focus on any specific micronutrient, as it is understood that deficiencies usually do not occur in isolation and that the provision of multiple micronutrient is potentially more beneficial than single micronutrient interventions.
GROWTH
Although poor growth is mainly related to undernutrition and protein energy malnutrition, the association between micronutrient deficiencies and growth failure has been explored as well. Linear growth occurs through cell proliferation and hypertrophy both of which are controlled by growth hormone (GH) and insulin-like growth factor I (IGF-I) [4] , strongly linked to nutritional status. Zinc deficiency affects growth, bone metabolism, and DNA synthesis, as well as a decrease in both IGF-I plasma concentration and GH receptors and hence, is strongly linked to impaired linear growth [5] . Iron affects linear growth, through its role in oxygen transport, cellular oxygen, and energy substrate utilization, as well as in neurotransmitter and hormonal metabolism, cytokine production, myelin synthesis, and DNA synthesis and repair [6] . Vitamin A, owing to its role in cell differentiation, promotes linear growth, although studies have also shown vitamin A supplementation to have no significant effect [7, 8] . Vitamin D deficiency has a direct effect on bone development, manifested clinically as rickets [9] . Deficiencies of other micronutrients such as thiamine, potassium, and magnesium have also been associated with a decrease in plasma IGF-I concentrations, whereas copper and manganese are involved in growth through their roles in cross-linking collagen fibers and skeletal growth.
Whereas a recent meta-analysis revealed that the provision of multiple micronutrients proved to be beneficial in improving linear growth, supplementation with solely iron or vitamin A showed no significant effects on growth [10] ; on the contrary, another meta-analysis concluded that zinc alone had the potential to reduce stunting in children less than 5 years of age [11] . Five micronutrient-based studies have been published within the past 2 years (Table 1) , of which two were randomized controlled trials (RCTs), one a follow-up of an RCT, one crosssectional, and one longitudinal. However, the results are still inconsistent as the studies varied in the nature of interventions, micronutrient provided, dosage, age group, study setting, duration, and participants. One RCT providing multimicronutrients to children with tuberculosis did not show significant effects on weight gain but showed a significant effect on height [12] , whereas the other RCT showed a significant increase in weight, length, and arm circumference after vitamin D supplementation in low-birth weight infants [13] . It is important to point out that both trials involved children who were either infected with tuberculosis or had low birth weight. This may imply that although the benefits of micronutrient supplementation in deficient children are in no doubt, the necessity or effects of supplementation in normal children are not clear. The follow-up study investigated childhood effects of antenatal micronutrient supplementation, wherein maternal multiple micronutrient supplementation significantly increased weight-forheight and height-for-age up to 2.5 years later [14] . The cross-sectional study found a significant inverse association between vitamin D status and BMI in boys [15] , whereas the longitudinal study which provided iron-folic acid in different frequencies of dosage showed a significant improvement in BMI of prepubertal girls when provided in a daily or twice-weekly dose [16] .
A key element to consider in micronutrient supplementation is its complex relationship with growth. Two different trials measuring the growth of 6-10-year-old children for 1 year [17] or 6 months [18] were examined ( Table 2 ). In the 1-year study, a high protein (13%) supplement was provided to all children, along with 0.25 recommended dietary allowance (RDA) of mixed micronutrient to the control, and 1 RDA to the intervention group.
KEY POINTS
Micronutrients have definite benefits on growth, cognitive, and motor function; however, results are varied and better in deficient children.
The optimal utilization of macronutrients for growth requires adequate micronutrients, especially in stunted children.
Routine micronutrient supplementation in high dosages could have adverse effects in terms of morbidity.
The quantity and timing of micronutrient administration may be important to ensure optimum utilization. Although all children grew better than their habitual growth rate of about 4 cm/year, and overall, the high micronutrient group grew at a slightly better rate, a subgroup analysis of children who were <-1 or !-1 Z-score (height for age) showed that in the control group, the mean height increment was significantly lower in the stunted children. In the intervention group, however, the mean height increment was slightly higher in the stunted children ( Table 2 , based on data available from the two studies, but not published in those reports). The lower growth rate in the stunted children in the control group (getting minimal amounts of micronutrients) is counter-intuitive on the basis that deficient children will benefit the most. This suggests first, that stunted children particularly cannot utilize macronutrient supplements effectively unless there are adequate micronutrients supplied, and second, that the provision of adequate micronutrients (at about 1 RDA) is important for an optimal growth effect to be achieved particularly in stunted children, even if it is supplied in one meal. A similar effect was observed in a rice fortification study carried out in children of similar age over 6 months, in which the control group received a lunch rice meal with no micronutrients, whereas the intervention group received rice with multiple micronutrients at about 1 RDA in a lunch meal. As in the 1-year study subgroup analysis, the growth rate in stunted children was significantly lower in the control group, whereas there were no differences in the intervention group. These analyses make a case for ensuring that food supplements are fortified with multiple micronutrients for an optimal effect, and that providing these micronutrients at 1 RDA is also optimal, even in single meal programs. However, the quantum and timing of supplemental micronutrients may still have important implications for the utilization of specific nutrients. For example, crude calculations can be made for a water soluble vitamin like riboflavin, based on a single compartment model with a single exponential decline to describe excretion [19] , without regard to a body store compartment, and an assumption of a half-life of less than 3-4 h, a dosing schedule of either one-third RDA given thrice, or one RDA given once daily, would result in similar blood micronutrient levels at the end of a daily cycle. However, as the half-life of the micronutrient becomes more than 5 h, these daily levels could differ significantly, being lower by two-fold to three-fold in the once-daily dose schedule.
PERFORMANCE
Several micronutrients could affect the functional performance of children in the two domains of cognitive performance and physical performance. Brain growth is known to be affected by dietary and micronutrient inadequacy, largely during the third trimester of gestation and during infancy [20, 21] . Iron is required for neurogenesis and differentiation of brain cells, and its deficiency could lead to abnormal changes in the myelination of neurons and dopamine metabolism [22] . Thiamine (B 1 ), riboflavin (B 2 ), pyridoxine (B 6 ), folate, and cobalamin (B 12 ) play key roles in neurotransmitter synthesis and functioning, brain energy metabolism, and myelination of the spinal cord and brain [23] . Iodine, through its role in synthesis of thyroid hormones, is critical in the early development of the brain, a deficit of which is associated with cretinism and reduced intellectual abilities in children [22] .
A meta-analysis showed that micronutrients improved immediate free recall memory (P < 0.01) but not other cognitive measures like delayed free recall memory or verbal fluency [24] , and a recent review highlighted the positive effects of multiple micronutrient interventions on fluid intelligence and academic performance but found no significant effects on crystallized intelligence in healthy school children [25] . Furthermore, multiple micronutrient provision was found to be more beneficial than no/single/double micronutrient in improving motor development in young children [26] . With regard to the role of micronutrients in various cognitive and physical performance outcomes in children, six studies have been published in the past 2 years (Table 3) . Out of those, three focused on cognitive outcomes, two on physical outcomes, and one examined both. For cognition, one fortification study found no effects on cognition in apparently healthy children [18] , whereas a supplementation study found that verbal and nonverbal memory improved after supplementation of iron and zinc in deficient children [27] . Academic achievement has been positively linked to folate intake in normal children [28] and a follow-up of children who were fed with a thiamine-deficient milk substitute during infancy up to 7 years of age showed significantly greater language impairment when compared to age-matched children who were fed with other milk sources [29] . One caveat is that although positive effects of micronutrients on cognitive development appear to be present, evaluating cognition in apparently healthy children is not easy, because there are many domains, and tests being very culturally specific, can often lead to ceiling effects that limit the sensitivity of these tests.
The two intervention trials focusing on physical performance outcomes (Table 3) , typically measuring physical endurance, showed a positive effect [18, 30] . These interventions were performed in healthy school children of both sexes, aged between 6 and 15 years, but differed in the fortified food vehicle (rice or beverage powder). Furthermore, a cross-sectional study reported low ferritin, folate, and B 12 levels to be associated with poor performance in sprint and long jump [31] .
Therefore, it appears that the recent intervention studies add to the conclusion that multiple micronutrients improve memory and physical endurance. However, the effects of individual micronutrients are not clear. The four studies reviewed here suggest possible specific effects of iron, zinc, folate, vitamin B 12 , and thiamine on physical or cognitive development [27] [28] [29] 31] , and it is worth emphasizing the effect these micronutrients also have on hemoglobin status.
MORBIDITY
A meta-analysis has shown that regular zinc supplementation reduced the occurrence of acute lower respiratory infections in children less than 5 years of age [32] and multiple micronutrient fortified foods seem to have a beneficial effect on reducing common childhood illnesses [33] . Recent studies published in the past 2 years have explored the effects of micronutrients on morbidity outcomes in children aged between 0 to about 16 years (Table 4) . Of the two trials that used multiple micronutrients, in one, high dosage of micronutrients had no effect on morbidity [34] , whereas in the other, provision of micronutrient fortified meals led to fewer diagnoses of urinary tract infections but increased occurrence of lower respiratory tract infections in healthy infants [35 & ]. Another study also reported micronutrients to have increased the rate of diarrhea, mostly in children with Giardia infection [36 & ]. These increases may be attributed to the possible adverse effects of routine high dosage administration of certain micronutrients, as observed in earlier studies not reviewed here [37, 38] , although it is difficult to specify the specific nutrient responsible. Two trials showed positive effects; in one, children receiving multiple micronutrients had lower number of hospitalizations for infectious diseases as compared to those receiving only iron, vitamins A and D [39] , whereas in another, multiple micronutrient fortification, in comparison with fortification with solely vitamin A or vitamin A along with iron, reduced the incidence of respiratory and diarrhea-related illnesses and shortened the duration of respiratory-related illnesses in preschool children [40] . However, negative results have also been found; one trial showed no effect of a micronutrient supplement on infectious morbidity in malnourished children [41] , whereas a comparison of a multiple micronutrient supplement with a multivitamin supplement found similar but nonsignificant effects on diarrhea morbidity in HIVinfected children [42] . Seven studies exploring [13] ; folate levels were inversely associated with duration of diarrhea episodes in 6-30-month-old children [44] ; and whereas vitamin C did not have an effect on the incidence of upper respiratory tract infections, it slightly shortened their duration in competitive adolescent swimmers [45] . In general, the effects of micronutrient supplementation on morbidity vary quite widely, and the increase in morbidity diagnoses in two studies [35 & ,36 & ] is of concern. This indicates potential safety concerns of generalized routine micronutrient supplementation, especially in apparently healthy children.
CONCLUSION
Multiple micronutrient deficiencies start early in life and often coexist with each other. Corrective actions need to consider either the provision of a diverse high-quality diet and the education to understand correct choices, or the provision of multiple micronutrient fortified foods. Although physiological frameworks exist for defining the role of each micronutrient in different functional domains, multiple micronutrient interventions are the most studied. Some single micronutrient interventions with iron, iodine, vitamin A, and zinc, for example, have also been performed to understand their effect on functional domains such as cognition and growth. Beneficial effects are not always demonstrated with interventions, and this is related to the heterogeneous nature of groups of children studied in terms of their age or deficiency status, poor precision of the functional tests being performed, prevailing micronutrient status, or environmental constraints. Further, when dietary diversification is still a long-term target, short-term supplementation or fortification programs should also consider the delivery opportunities available, which may be constrained to specific meals or days, rather than to a total diet. It is also most likely that functional benefits will be demonstrated in those who are deficient to begin with, and this raises the question of whether targeted interventions are better, even if operationally more difficult.
